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Quantum coherence versus quantum discord in two coupled semiconductor double-dot molecules
via a transmission line resonator
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We study the dynamics of quantum coherence and quantum correlations in two semiconductor double-dot
molecules separated by a distance and indirectly coupled via a transmission line resonator. Dominant dissipation
processes are considered. The numerical results show the sudden death of entanglement and the robustness of
quantum discord to sudden death. Furthermore, the results indicate the dephasing processes in our model can
lead in the revival and decay of coherence and discord with the absence of entanglement for certain initial states.
By observing the dynamics of coherence versus discord for different initial states, we find that the similarities
and differences of coherence and discord are not only related to the dependance of discord on optimizing the
measurement set, but more importantly to the coherences in individual qubits which are captured by the adopted
coherence measure.
PACS numbers: 03.65.Ud, 03.65.Ta, 03.65.Yz, 03.67.Lx
I. INTRODUCTION
Quantum entanglement, as one of the most intriguing hall-
marks in the quantum world, manifests nonclassical correla-
tion between quantum systems which cannot be found in any
classical system [1]. Entanglement is a key ingredient for
quantum communication, quantum cryptography, and quan-
tum computing [2]. Besides the entanglement, other non-
classical correlations have been demonstrated [3–5]. Ollivier
and Zurek introduced the so called quantum discord (QD)
[3] to describe the difference between two quantum expres-
sions of the classical mutual information. Nonclassical corre-
lation may still exist with the absence of entanglement, which
implies the quantum discord as a more proper measure of
the quantumness of correlations. When quantum discord is
vanishing, the local accessibility of the classical information
without perturbing the composite system is shown. Recently,
quantum discord has received great attention on various top-
ics, e.g., its potential to be the resource for deterministic quan-
tum computation with one quantum bit [6, 7], the immunity to
the “entanglement sudden death” (ESD) phenomenon [8, 9],
the sufficient condition for completely positive maps [10, 11],
the QD close to the quantum phase transition [12–14], the be-
havior of QD in the Grover search [15], the monogamic rela-
tion between the entanglement of formation (EoF) and the QD
[16], and the relation between entanglement irreversibility and
the QD [17].
On the other hand, among a number of physical systems
[18], spins in semiconductor double-dot molecules (DDMs)
are promising candidates for qubits to implement quantum
information processing (QIP) in a solid-state system. Ap-
proaches based on DDMs combines spin and charge manip-
ulation and thus take advantage of the stability [19], the scal-
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ability [20], and the efficiency for readout and coherent ma-
nipulation of charge states [21]. Several schemes adopting the
architecture with DDMs have been proposed to show poten-
tial for low-noise coherent electrical control [22], to generate
cluster states [23] and to implement quantum computing [24].
Moreover, Fanchini et al. [25] investigate the dynamics of
EoF and QD between two DDMs, considering the effects of
dissipation. In their work, each DDM has one excess electron
and the two DDMs are coupled through direct Coulomb inter-
action, which is fine for demonstrating the quantum correla-
tions between two solid-state qubits. However, if the direct in-
teraction between qubits is strong, it may be problematic when
a third adjacent qubit is introduced. The direct interactions be-
tween the third qubit and the former two qubits may disturb
the operation of the two-qubit gates and the control of non-
adjacent qubits by indirect interaction may avoid this. This
motivates us to investigating the dynamics of quantum cor-
relation between nonadjacent qubits, and verify whether the
considered quantum correlations, QD and EoF, are resistant
to dissipations in a scalable solid system. For this purpose,
we adopt a quite different architecture: each DDM contains
two excess electrons and the two DDMs are indirectly cou-
pled through a transmission line resonator (TLR) [26–28] via
a capacitor. Dissipation processes, e.g. the photon leakage,
the pure dephasing and energy relaxation of qubits are taken
into account for realistic.
Furthermore, we are interested in the relation of quantum
correlations and quantum coherence (QC). Quantum correla-
tion and coherence both arise from quantum superposition.
If there exists coherence among subsystems of a compound
quantum system, the nonlocal coherence may induce the non-
classical correlation between the corresponding subsystems,
besides the local coherence of each corresponding subsystem
[29]. In this case, quantum correlation is a kind of nonlocal
coherence. We investigate the coherence dynamics from the
point of off-diagonal elements of the density matrix describ-
ing the composite system. The effect of pure dephasing to the
dynamics of QC and quantum correlations are presented and
2demonstrated. The similar and different behaviors of QC and
QD are shown and discussed for varies initial states.
The paper is organized as follows. In Sec. II, we briefly
review the basic concepts of quantum discord. In Sec. III,
we describe the adopted architecture in detail and give the
Hamiltonian of the system. The dominant dissipation pro-
cesses, the typical system parameters, and the master equa-
tion are demonstrated. In Sec. IV, we present and discuss the
numerical results for the effect of the pure dephasing and the
behaviors of quantum coherence and quantum discord in two
coupled DDMs. Finally a summary and some prospects are
provided in section V.
II. QUANTUM DISCORD
In classical information theory, the correlation between two
systems A and B can be measured by the mutual information,
I(A : B) = H(A)+H(B)−H(A,B), whereH(·) denotes the
Shannon entropyH(p) = −∑ jk p jk log2 p jk [2] with the prob-
ability distribution p. The first extension of the expression to
the quantum case is to directly replace the Shannon entropy
by the von Neumann entropy S (ρAB) = −Tr(ρAB log2 ρAB),
where ρAB is the density operator describing the bipartite
quantum system. The quantum mutual information between
systems A and B is thus defined as
I(ρAB) = S (ρA) + S (ρB) − S (ρAB), (1)
where ρA = TrBρAB, ρB = TrAρAB is the reduced density ma-
trix obtained by taking the trace over all states of the system
B or A, respectively.
Through the Bayes rule, the classical mutual information
can be equivalently rewritten asJ(A : B) = H(A)−H(A|B),
where H(A|B) is the conditional entropy which quantifies the
ignorance about the state of A on condition that the state of
B is determined. When generalizing to the quantum case, the
conditional entropy depends on what measurement is locally
performed on B and what outcome is obtained. If one fo-
cuses on projective measurements described by a complete set
of one-dimensional projectors {Mk}, the remaining state of A
based on the outcome k is ρA|k = (I ⊗ Mk)ρAB(I ⊗ Mk)/pk,
where I is the identity operator performed on A and pk =
Tr(I ⊗ Mk)ρAB(I ⊗ Mk) is the probability for obtaining k. The
quantum conditional entropy is thus defined as the the residual
entropy, S (ρA|{Mk}) = ∑k pkS (ρA|k). The second extension
of the classical mutual information to the quantum case can
be written as the difference of entropy of A before and after
the measurement on B:
J(ρAB){Mk} = S (ρA) −
∑
k
pkS (ρA|k). (2)
All the nonclassical correlations between A and B are re-
moved by the local orthogonal projective measurement on
B while contained in both the initial and residual entropies,
therefore J(ρAB){Mk} only captures the classical correlation
between subsystems. S (ρA|{Mk}) depends on the choice of
{Mk}. To maximize J(ρAB){Mk} one should optimize the set
{Mk} to seek the minimum of S (ρA|{Mk}). Therefore the clas-
sical correlation is defined as [4]
C(ρAB) = S (ρA) − min{Mk}
∑
k
pkS (ρA|k). (3)
The discrepancy between the two quantum extensions of
classical mutual information defines the quantum discord [3]:
Q(ρAB) = I(ρAB) − C(ρAB). (4)
For a bipartite quantum system, which is just the case in this
paper, Hamieh et al. [31] have demonstrated that the pro-
jective measurement is the positive operator valued measure
which can maximize the classical correlations. This property
is useful in our numerical calculation process.
III. DESCRIPTION OF THE MODEL
The architecture we adopt consists of two identical DDMs
capacitively coupled to a TLR, as shown in Fig. 1. Each DDM
is formed by a GaAs/AlGaAs heterostructure with a layer
of two-dimensional electron gas below. Several lithograph-
ically defined metallic gates are used to control the double-
well potential for two dots and interdot tunneling [21]. With
a modest external magnetic field Bz = 100 mT along axis
z, Zeeman effect results in energy gaps between the spin-
aligned states |(1, 1)T+〉 = |⇈〉, |(1, 1)T−〉 = |〉 and the spin-
anti-aligned states |(1, 1)T0〉 = (|↑↓〉 + |↓↑〉)/
√
2, |(1, 1)S 〉 =
(|↑↓〉 − |↓↑〉)/√2. The notation (nl, nr) labels nl electrons lo-
calized in the left dot and nr electrons in the right dot. Follow
the approximation of Ref. [23, 24, 30], each DDM can be de-
duced to a two-level system in the basis {|(1, 1)S 〉 , |(0, 2)S 〉},
described by the Hamiltonian
Hd = −∆ |(0, 2)S 〉 〈(0, 2)S | + T (|(1, 1)S 〉 〈(0, 2)S |+ h.c.) ,(5)
where ~ = 1, and ∆ and T are the relative potential and tun-
neling [19] between |(0, 2)S 〉 and |(1, 1)S 〉, respectively. The
energy gap between the eigenstates is ωd =
√
4T 2 + ∆2. Here
we choose the optimal point ∆ = 0 for maximum coupling
[24], and use the resulting |1〉 = (|(0, 2)S 〉+ |(1, 1)S 〉)/√2 and
|0〉 = (|(0, 2)S 〉 − |(1, 1)S 〉)/√2 as qubit states.
We consider the TLR with length L, capacitance per unit
length C0, and characteristic impedance Z0. The DDM is
on resonance with the fundamental frequency of TLR, ω0 =
pi/LC0Z0, therefore we can neglect all the higher energy
modes of the TLR [20]. The Hamiltonian of the TLR reads
Hr = ω0a†a, (6)
where a (a†) is the annihilation (creation) operator of the res-
onator.
As shown in Fig. 1, the two DDMs are individually coupled
to the TLR via the identical capacitor Cc. The charging energy
provides the DDM-TLR interaction, Hint = CcVrVd, where Vr
and Vd are the voltages of the TLR and DDM, respectively.
The Coulomb interaction between the two DDMs can be ne-
glected due to the long distance (∼ 4µm) between them with
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FIG. 1. (Color online) Schematic diagram for the adopted architec-
ture. The TLR has a length of L, the DDMs has a relative potential ∆
between two singlet states. The two DDMs are individually coupled
two the TLR via the identical capacitor Cc. The TLR is connected to
the input/output ports via a capacitor Ce for writing/reading signals.
respect to the small size of DDM (∼ 400nm). After the quan-
tization of the voltages of the TLR [26], Vr =
√
ω/(LC0)(a† +
a) and the DDM [30], Vd = 2e/Ctot |(0, 2)S 〉 〈(0, 2)S | +
e/Ctot |(1, 1)S 〉 〈(1, 1)S |, and in the rotating wave approxima-
tion, the full Hamiltonian takes the usual Jaynes-Cummings
form
H =
1
2
∑
i=1,2
ωdiσzi + ω0a
†a + g
∑
i=1,2
(aσ†i + h.c.), (7)
where σz is the pauli z operator, σ† = |1〉 〈0|, σ = |0〉 〈1|, and
the coupling coefficient
g =
eCc
2Ctot
√
ω0
LC0
. (8)
Here Ctot is the total capacitance of the DDM. As mentioned
above, we consider the two DDMs identical and resonant with
the fundamental frequency of TLR, ωd1 = ωd2 = ω0, thus the
Hamiltonian in the interaction picture reads
V = g
∑
i=1,2
(aσ†i + h.c.). (9)
Now we demonstrate the dominant dissipation processes
considering the interaction with environment in the Born-
Markov approximation. First, the photon leakage of the res-
onator which can be described by the damping rate κ = ω0/Q,
where Q is the quality factor of the TLR. Though the inter-
nal loss of the resonator is negligible (Qint up to 106) [26, 27],
with the external magnetic field Bz the quality factor will be
reduced to Q ∼ 104 [32]. The TLR frequency chosen as
ω0/2pi = 10 Ghz leads to the damping rate κ/2pi = ω0/2piQ =
1 Mhz. The second is the spin relaxation induced by the qubits
coupling to the phonon bath. The induced spin relaxation time
is obatined as T1 ∼ 1 µs using the spin-boson model at the
optimal point [22]. The third is the spin dephasing results
from the low frequency fluctuations of the electrostatic bias
and the hyperfine interaction with the nuclear spins. The for-
mer dephasing time is estimated as T2 ∼ ωdT 2b ≈ 10 ns [22],
with the observed bare dephasing time Tb ≈ 1 ns [33]. The
latter time-ensemble-averaged dephasing time is measured as
T ∗2 ∼ 10 ns and by spin-echo technique the dephasing time
may be prolonged beyond 1 µs [21]. Taking into account the
above processes, the evolution of the state of the three party
system (the two DDMs plus the TLR) can be described by the
master equation [28]
ρ˙ = −i[V, ρ] +
∑
i=1,2
γϕ,i
2
(σziρσzi − ρ) +
∑
i=1,2
γi
2
(2σiρσ†i − σ†i σiρ − ρσ†i σi) +
κ
2
(2aρa† − a†aρ − ρa†a), (10)
where γϕ,i and γi are the pure dephasing rate and relaxation
rate, respectively. We choose γϕ,1 = γϕ,2 = γϕ and γ1 = γ2 = γ
for identical DDMs. In simulation the coupling coefficient is
chosen as g/2pi = 100 Mhz which has been experimentally re-
alized [27]. To show the effect of pure dephasing clearly we do
not assume the spin-echo technique is applied; therefore with
the spin relaxation and dephasing times demonstrated above,
the damping rates are translated to γϕ/2pi = 15.8 Mhz and
γ/2pi = 0.16 Mhz. In simulation the photon number of the
resonator is truncated at the value of 5.
IV. QUANTUM COHERENCE VERSUS QUANTUM
DISCORD
Before present the results it is necessary to describe the
quantification of quantum coherence and the optimization of
the measurement to obtain the quantum discord. Through
tracing over the states of the resonator, we get the re-
duced density operator ρAB = Trrρ, which describes the
state of the composite system consisting of the two DDMs,
and A, B labels the individual DDM, respectively. To
quantify the coherence of the composite system, we fo-
cus on the the off-diagonal elements of ρAB in the basis
{|11〉AB , |10〉AB , |01〉AB , |00〉AB}. Yu and Song [29] have
demonstrated the coherence in given basis can be quantified
by the distance between the quantum state ρAB and the nearest
incoherent state. Thus the coherence of ρAB can be measured
by
D(ρAB) = ‖ρAB − σ∗‖1 =
∑
i, j
|ρABi j |, (11)
where ‖ · ‖1 is the “entrywise” norm and σ∗ is the diagonal
matrix with the identical diagonal elements of ρAB. We note
the measure D includes the contribution of all off-diagonal
elements of ρAB, therefore it also contains the coherence of
individual DDM A and B, which will have influence on the
numerical results of the coherence dynamic for certain states.
In the calculation of quantum discord, we choose the measure-
ment set on B as the projectors {|ψ1〉 〈ψ1| , |ψ2〉 〈ψ2|}, in which
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FIG. 2. (Color online) Dynamics of quantum coherence and quantum
correlations as a function of time. The solid (red), dashed (blue),
and dotted (purple) curves correspond to the dynamics of discord,
coherence, and EoF, respectively. The two DDM qubits are initially
prepared in the state given in Eq. (12) with (a) α2 = 1/2, (b) α2 =
1/5, and (c) α2 = 1/10.
|ψ1〉 = cos θ |0〉+ eiφ sin θ |1〉 and |ψ2〉 = sin θ |0〉 − eiφ cos θ |1〉.
The parameters θ and φ are numerically varied from 0 to 2pi in
order to seek the maximum of classical correlation C [8].
By numerical methods we obtain the dynamics of QC and
QD in the two DDMs for different initial states. Firstly, we
consider one kind of Bell-like state
|ψi〉AB = α |01〉AB +
√
1 − α2 |10〉AB , (12)
while the initial photon number in the TLR is assumed to
be nonzero. For comparison we also calculate the entan-
glement dynamics for the case α2 = 1/2, using the EoF
as the measurement of entanglement. For two qubits the
EoF can be written in terms of Wootters’ concurrence [34],
E(t) = − f (t) log2 f (t)− (1− f (t)) log2 (1 − f (t)), where f (t) =
(1 +
√
1 − ˜C(t)2)/2. The concurrence is expressed as ˜C(t) =
max{0, λ1−λ2−λ3−λ4}, where λi (i = 1, 2, 3, 4) are the square
roots of the eigenvalues of ρABσy ⊗σyρ∗ABσy ⊗σy in decreas-
ing order. The results are shown in Fig. 2(a)-2(c). We observe
that the QC, QD, and EoF all present oscillations and decays.
For QC and QD there are two different types of amplitude
of oscillation. The first type of amplitude undergoes decays
after respective revivals, while the second type of amplitude
increases and then decreases for α2 = 1 and only decays for
other values of α (an empty resonator also leads in this type of
amplitude). For any pure state the QD and EoF coincide and
for the maximally entangled state D = 1, thus for α2 = 1/2
the QC, QD, and EoF coincide initially. For non-maximally
entanglement states the QC and QD certainly have different
initial values. The EoF manifests the ESD and “sudden birth”
phenomenons, which are the natural consequences under the
combination action of the dissipation processes and the state
transfer between DDMs and photons via the coupling to the
TLR. Within short time intervals the EoF permanently van-
ishes (see Fig. 2(a)) which is much earlier than the QC and
QD, indicating the environment has greater impact on the EoF
than QC and QD. Furthermore, the QD and QC vanish only at
discrete instants and manifest the second type of amplitude of
oscillation within the vanishing intervals of the EoF dynamics.
This interesting feature shows some specific interaction with
the environment does not induce the regular decay and revival
of nonclassical correlations [8] (up to one vanishing instant),
but leads to the revival of the nonclassical correlation as well
as the coherence to a maximum then decays (two vanishing
instants). In our model this feature is induced by the interac-
tion with nuclear spins and low frequency fluctuations of the
electrostatic bias, which are characterized by the pure dephas-
ing term in the master equation in Eq. (10). The other feature
is that the QC and QD exhibit homology to a considerable de-
gree throughout for Bell-like states |ψi〉AB. The QC and QD
even vanish simultaneously. The discrepancy of the behaviors
like the irregular shape of QD results from the dependance
of QD on optimizing the measurement while QC is indepen-
dent of measurement. We note that for Bell-like states ρAB
has the X structure and the coherences of individual DDMs
are always zero. Thus the QC for this case only captures the
coherence of the joint two-qubit system. The results indicate
that if there is no coherence in subsystems, the coherence dy-
namic of the composite system shows the similar behavior of
quantum discord, even with the absence of entanglement.
Next we consider the initial states as the other kind of Bell-
like state
|φi〉AB = β |00〉AB +
√
1 − β2 |11〉AB , (13)
while the TLR is assumed to be initially empty. The results
are shown in Fig. 3(a)-3(c). The behaviors of the QC, QD,
and EoF are very different from those with the initial state
|ψi〉AB. The three dynamics present the similar behavior for
β2 = 1/2, but for β2 < 1/2 the oscillations and decays are
quite complicated and exhibit respective trends. For some
instants the QC and QD achieve a maximum while the EoF
comes to a minimum, however despite the discrepancy of be-
havior around the sudden changes of QD, the dynamics of QC
and QD are similar, especially after a relative long time. The
QD still manifests the robustness to the “sudden death” which
is in agreement with previous works. Besides, unlike the first
case the QC does not vanish within finite time intervals.
At last we plot the dynamics of QC, QD, and EoF as a func-
tion of time with the two DDMs prepared in a specific separa-
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FIG. 3. (Color online) Dynamics of quantum coherence and quantum
correlations as a function of time. The solid (red), dashed (blue),
and dotted (purple) curves correspond to the dynamics of discord,
coherence, and EoF, respectively. The two DDM qubits are initially
prepared in the state given in Eq. (13) with (a) β2 = 1/2, (b) β2 = 1/5,
and (c) β2 = 1/10.
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FIG. 4. (Color online) Dynamics of quantum coherence and quantum
correlations as a function of time. The solid (red), dashed (blue),
and dotted (purple) curves correspond to the dynamics of discord,
coherence, and EoF, respectively. The two DDM qubits are initially
prepared in the separable state given in Eq. (14).
ble state
|ϕi〉AB =
1
2
(|0〉A + |1〉A) ⊗ (|0〉B + |1〉B), (14)
as shown in Fig. 4. Through the interaction with the photons
in the resonator, the entanglement between the two DDMs
is generated then oscillates until vanishing. Coupling to an
empty resonator will lead to no entanglement but still the gen-
eration of nonclassical correlations, in accordance with the
results for the case of mediating by a common reservoir in
Ref. [8]. One notices that the behaviors of QC and QD dif-
fer widely, especially at the beginning, presenting substantial
discrepancy between the initial separable state |ϕi〉AB and the
Bell-like states; however after a relative long time, the be-
haviors of QC and QD become similar. This is because for
the initial state |ϕi〉AB, there is no nonclassical correlations
between the two DDMs but exist coherences in individual
qubits, which are nonzero within short time intervals. In this
case, the QC measure D captures not only the coherence of
the composite system, but also the coherences in subsystems,
while the QD measure Q only quantifies the nonclassical cor-
relations between subsystems. After a long time the cohereces
in individual DDMs have been permanently lost due to the
dissipations and the dynamics resembles the Bell-like cases,
therefore the behaviors of QC and QD become similar after-
wards.
In experiments, the measurement of the entanglement be-
tween distant DDMs is possible by the dispersive quantum
nondemolition (QND) readout of qubits. In the dispersive
regime, g/(ωd − ω0) ≪ 1, the QND readout of qubits can
be realized by microwave irradiation of the resonator and then
probing the transmitted or reflected photons. For example,
by driving the resonator with a microwave pulse centered at
the pulled frequency of ω0 + g2/(ωd − ω0), the information
about the state of the qubit is mostly stored in the number of
transmitted photons. The scheme can be extended to the case
of two or multiple qubits with different detunings (different
DDMs) [26], and shows the feasibility of a joint measurement
of entanglement in our system.
V. SUMMARY AND PROSPECT
In summary, we have numerically investigated the dynam-
ics of quantum coherence and quantum correlations between
two semiconductor DDMs separated by a distance and indi-
rectly coupled via a transmission line resonator. The stronger
impact on the EoF than QC and QD is verified, as well as the
ESD phenomenon of EoF and the robustness of the QD to the
sudden death, which implies the QD as a promising quantum
information resource to process quantum computation in large
scale solid systems. Furthermore, we find that the dephasing
processes in our model induce a revival and decay of QC and
QD within the vanishing interval of EoF for certain Bell-like
states. We show that for initial Bell-like states, the QC and
QD present similar behavior to a certain degree even with the
absence of the entanglement, but for a initial specific separa-
ble state the behaviors are totally different at first but become
6similar after a long time. We find that the local coherences in
individual qubits play an important role to the similarities and
differences of the dynamics of QC and QD. The specific inter-
nal relation between coherence and discord of bipartite mixed
states may be revealed in an exactly solvable model while con-
sidering a more proper coherence measure, e.g. some measure
connected with the localizable coherence [29]. This inspires
us to follow up in further research.
ACKNOWLEDGMENTS
We thank Drs. Chang-Shui Yu and Song-Lin Wu for
helpful discussions. This work is supported by National
Natural Science Foundation of China (NNSFC) under Grants
No. 10875020 and No. 60703100, and the Fundamental
Research Funds for the Central Universities under Grant No.
DUT10LK10.
[1] R. Horodecki et al., Rev. Mod. Phys. 81, 865 (2009).
[2] M. A. Nielsen and I. Chuang, Quantum Computation and
Quantum Information, (Cambridge University Press, Cam-
bridge, England, 2000).
[3] H. Ollivier and W. H. Zurek, Phys. Rev. Lett. 88, 017901
(2001).
[4] L. Henderson and V. Vedral, J. Phys. A 34, 6899 (2001); V.
Vedral, Phys. Rev. Lett. 90, 050401 (2003).
[5] N. Li and S. Luo, Phys. Rev. A 76, 032327 (2007); S. Luo,
Phys. Rev. A 77, 022301 (2008).
[6] A. Datta, A. Shaji, and C. M. Caves,Phys. Rev. Lett. 100,
050502 (2008).
[7] B. P. Lanyon, M. Barbieri, M. P. Almeida, and A. G. White,
Phys. Rev. Lett. 101, 200501 (2008).
[8] T. Werlang, S. Souza, F. F. Fanchini, and C. J. Villas Boas, Phys.
Rev. A 80, 024103 (2009); F. F. Fanchini, T. Werlang, C. A.
Brasil, L. G. E. Arruda, and A. O. Caldeira, Phys. Rev. A 81,
052107 (2010).
[9] A. Ferraro, L. Aolita, D. Cavalcanti, F. M. Cucchietti, and A.
Acı´n, Phys. Rev. A 81, 052318 (2010).
[10] C. A. Rodriguez-Rosario et al., J. Phys. A 41, 205301 (2008).
[11] A. Shabani and D. A. Lidar, Phys. Rev. Lett. 102, 100402
(2009).
[12] R. Dillenschneider, Phys. Rev. B 78, 224413 (2008).
[13] M. S. Sarandy, Phys. Rev. A 80, 022108 (2009).
[14] T. Werlang, C. Trippe, G. A. P. Ribeiro, and G. Rigolin1, Phys.
Rev. Lett. 105, 095702 (2010).
[15] J. Cui and H. Fan, J. Phys. A 43, 045305 (2010).
[16] F. F. Fanchini, M. F. Cornelio, M. C. de Oliveira, and A. O.
Caldeira, arXiv:1006.2460 (2010).
[17] M. F. Cornelio, M. C. de Oliveira, and F. F. Fanchini,
arXiv:1007.0228 (2010).
[18] T. D. Ladd, F. Jelezko, R. Laflamme, Y. Nakamura, C. Monroe,
and J. L. OBrien, Nature 464, 45 (2010).
[19] J. M. Taylor et al., Phys. Rev. B 76, 035315 (2007).
[20] L. Childress, A. S. Sorensen, M. D. Lukin, Phys. Rev. A 69,
042303 (2004).
[21] J. R. Petta et al., Science 309, 2180 (2005).
[22] J. M. Taylor and M. D. Lukin, arXiv:cond-mat/0605144.
[23] Z.-R. Lin et al., Phys. Rev. Lett. 101, 230501 (2008); 103,
109901 (2008).
[24] P. Xue, Phys. Lett. A 374, 2601 (2010).
[25] F. F. Fanchini, L. K. Castelano, and A. O. Caldeira, New J.
Phys. 12, 073009 (2010).
[26] A. Blais et al., Phys. Rev. A 69, 062320 (2004).
[27] A. Wallraff et al., Nature (London) 431, 162 (2004).
[28] A. Blais et al., Phys. Rev. A 75, 032329 (2007).
[29] C.-S. Yu and H.-S. Song, Phys. Rev. A 80, 022324 (2009).
[30] G.-P. Guo, H. Zhang, Y. Hu, T. Tu, and G.-C. Guo, Phys. Rev.
A 78, 020302(R) (2008).
[31] S. Hamieh, R. Kobes, and H. Zaraket, Phys. Rev. A 70, 052325
(2004).
[32] L. Frunzio et al., IEEE Trans. Appl. Superconductivity 15, 860
(2005).
[33] J. R. Petta, et al. Phys. Rev. Lett. 93, 186802 (2004).
[34] W. K. Wootters, Phys. Rev. Lett. 80, 2245 (1998).
